The kudzu bug, Megacopta cribraria (Fabricius), is an invasive pest of soybeans, Glycine max (L.) Merr., that has recently been detected in the United States. This study investigated whether there was a differential attraction of adult bugs to soybean growth stages, and whether the attraction was related to soybean constitutive volatiles. Greenhouse choice assays examined the behavioral orientation preference of adult bugs exposed to four growth stages of whole soybean plants: vegetative (V2), flowering (R1), pod (R3), and seed (R5). Results show that significantly more adults landed on plants in the early reproductive stage R1 than in other stages. Laboratory olfactometer assays also demonstrate that significantly more adult bugs were attracted to R1 plants, with females responding more strongly than males. Both greenhouse and olfactometer assays indicate that the differential attraction of adult bugs to soybean growth stages was mediated by plant constitutive volatiles. These results offer an insight into kudzu bug chemical and behavioral ecology and thus are of great significance for optimizing the timing of field scouting and treatment as well as the development of soybean pest management programs. Key words: stink bug, host finding, olfactory attraction, insect pest management 2000, Bruce et al. 2005, Fujii et al. 2010, Bruce and Pickett 2011). Plant volatile emissions differ with species, cultivars, and different growth stages (Bruce et al. 2005, Schoonhoven et al.
The kudzu bug, Megacopta cribraria (Fabricius) (Hemiptera: Plataspidae), is an invasive member of the family Plataspidae and is native to Asia . First discovered in Georgia in October 2009 , the bug has since spread rapidly throughout the mid-southern and southeastern United States (www. kudzubug.org, 2016) . In the United States, this insect was initially considered an urban nuisance, but it is now a serious agricultural pest and a risk to international soybean trade (Ruberson et al. 2013) . The bug has two generations a year in the United States, and overwinters as adult in reproductive dormancy Hu 2015, Lahiri et al. 2015) . Overwintered adults become active again in April of the following spring. Adults of the first generation emerge in late June, and those of the second generation appear in August (Del Pozo-Valdivia and Reisig 2013) . Emerged adults disperse from overwintering sites to host plants or from the infested host plants to new habitats . Unlike other stink bugs, kudzu bugs rarely feed on the pods or seeds of their host plant but instead reduce soybean yields indirectly by removing vascular fluids as both nymphs and adults, typically from the stems and petioles of the plant (Tayutivutikul and Yano 1990, Suiter et al. 2010 ). If they are left uncontrolled, soybean yield loss can be up to 60% (Seiter et al. 2013a ). This is problematic because soybean ranks as the second largest field crop in the United States and produces an estimated annual market value of approximately $43 billion (USDA-NASS 2015) .
Soybeans planted in April and May are more prone to kudzu bug infestation and harbor greater populations throughout the season than those planted in June and July, probably because of the timing of maturity (Blount et al. 2016 ). However, this hypothesis accounts for neither the possible effect of insect generation nor plant growth stages. Our anecdotal observations from the past 5 yr suggested that the bug population was always higher on mature soybean plants than on small young plants, regardless of planting date and mature groups, suggesting that plant growth stage has an important effect on host finding.
Phytophagous insects use odors as the primary cues for orientation to host plants (Bernays and Chapman 1994, Finch and Collier emission may affect insect behavioral responses to host plants Pickett 2011, Zhang et al. 2015) . For example, the flowering and early pod-filling stages of soybean plants are known to attract pentatomid stink bugs, regardless of planting date or maturity group (McPherson 1996 , Smith et al. 2009 , Permana et al. 2012 , and the severity of the bugs' damage has also been found to depend on growth stages of soybeans (Nielsen and Hamilton 2009 , Brown and Short 2010 , Owens et al. 2013 .
On the basis of the knowledge outlined above, we aimed to determine (i) whether soybean growth stage had a differential attractiveness to adult kudzu bugs using greenhouse choice assays and (ii) whether the differential attraction cue was olfactory using olfactometer assay. We also investigated whether male and female adults had the same olfactory sensitivity and whether there were differences in behavioral responses to soybean whole plants and constitutive plant volatile emissions between kudzu bug generations. Currently, insecticide applications are the only short-term solution to manage this pest in soybean . Understanding the attraction of kudzu bugs to soybean will aid in forecasting population dynamics and in developing more effective management programs against this pest.
Materials and Methods

Insects
Adult kudzu bugs were collected from a wild kudzu patch (32.363301°N, 85.300183°W) in Auburn, Lee County, AL. Overwintered adults were collected in mid-April, and the first generation of adults were collected in July, both during their peak dispersal period. Adults were collected using a sweep net, brought to a greenhouse, and kept in a plastic-framed mesh cage (30 × 30 × 30 cm 3 ) (Bugdorm, BioQuip Products, Rancho Dominguez, CA). Fresh kudzu shoots were provided to the bugs in the mesh cage and replaced daily. Adults were used for assays within 2 d of field collection.
Plants
Soybean plants were grown from seeds (Mycogen 5N501R2, G5 cultivar, Mycogen Seeds Company, Indianapolis, IN) in a greenhouse on the Auburn University campus (32.586691°N, 85.488764°W) under constant conditions (24 ± 3°C, 50-70% RH, and constant ambient light). Four seeds were planted in each plastic pot (diameter: 17.5 cm, height: 17.5 cm) with moistened Sunshine Professional Soil Mix (SunGro Horticulture Canada Ltd., Seba Beach, AB, Canada). Seeds were sowed weekly from the end of February and the end of May to guarantee that plants of specific growth stages were available for experiments. Plants were watered as needed and extra seedlings were removed so that each pot for this study contained three soybean plants.
Soybean growth stages were determined using the system developed by Fehr et al. (1971) . The following four distinct growth stages were evaluated to study the adult bug foraging orientation preference: vegetative (V2: two fully unrolled leaves at the node above the unifoliolate node), flowering (R1: one flower at any node), pod (R3: pod beginning to develop at one of the four uppermost nodes with a fully unrolled leaf), and seed (R5: seeds beginning to develop in the pod at one of the four uppermost nodes with a fully unrolled leaf).
Greenhouse Multiple-Choice Assay
Greenhouse multiple-choice assay was conducted to determine the soybean growth stage preference of adult kudzu bugs. The assay was carried out under constant conditions (24 ± 3°C, 50-70% RH, and ambient light). Four pots, each containing three plants of a single growth stage (V2, R1, R3, or R5), were randomly arranged, adjacent to each other, inside a large screen cage (173 × 71 × 91 cm 3 , Dura-Tent, Poway, CA). Groups of 100 adults (50 females and 50 males) were captured into a Petri dish (diameter of 10 cm, height of 1.5 cm, Thermo Fisher Scientific, Waltham, MA) and then released in the center of the cage at an equal distance from each plant at 1100 hours. The number of insects landing on plants of each growth stage was visually counted at 1, 24, and 48 h after release by opening the cage without disturbing the bugs. This assay used a completely randomized block design with cage as block each containing four pots (one pot of each of the four growth stages), two independent sets with four replicates for each of the overwintered and first generation to gain a comprehensive understanding of the possible effects of insect generation and physiological on the orientation behavioral response.
Olfactometer Assay
Y-tube olfactometer assay was designed to determine whether the host-seeking behaviors observed in the greenhouse multiple-choice assays were plant odor-mediated responses. The adult (males and females) behavioral responses to constitutive volatiles of soybean whole plants for each of the four selected growth stages were tested. Intact and healthy plants with no injury or damage were used to ensure that the emitted volatiles were constitutive.
The olfactometer was a Y-shaped tube (diameter of 2.5 cm, common tube length of 25.0 cm, and symmetric arm length of 21.0 cm) with the two arms extended at 90 o . Each arm was connected to the top outlets of a cylindrical glass chambers (diameter of 22.8 cm, height of 40.6 cm); one held potted soybean plants at a single growth stage, and the other was an air control with an equivalent pot and soil but no plants. The bottom outlet of each glass chamber was connected through a Teflon-lined glass tube connector to an air delivery system (ARS Inc., Gainesville, FL) ( Fig. 1) . Airflow through the olfactometer arms was maintained at a rate of 200 ml min -1 at the entrance and the vacuum pump evacuated air at a rate of 380 ml min -1 (190 ml min -1 for each arm). The flow difference prevented the accumulation of outside air from possible leakages. The olfactometer apparatus was held vertically by a wooden support, placed in a cardboard box (82 × 82 × 61 cm 3 ) lined with white paper, and positioned under a fluorescent light source (100 lux). Before initiating the experiments, a pre-assay was run and the result showed no behavioral effect of either clean air or potted soil on adult kudzu bugs.
One adult bug was introduced at a time at the common tube entrance and given 10 min to make a choice between the two arms. The insect that passed the 10 cm mark on either arm was recorded as having made a choice (Bertschy et al. 1997 ). If no choice was made within 10 min, the assay was concluded. After each test, the Y-tube was washed with water, rinsed with 95% ethanol, and air dried. After every two tests, the position of the olfactometer arms was alternated to avoid directional bias. After every 10 tests, the glass chambers, the potted plants, and pots with soil were replaced with new ones to avoid olfactory bias. For each plant growth stage, 60 insects (30 males and 30 females) were tested. The numbers of female and male insects were recorded separately. The preference of female and male insects was analyzed by sex and in combination. The experiments were conducted between 0900 and 1400 hours in the laboratory under conditions of 24 ± 3°C and 50-70% RH.
Data Analysis
Greenhouse behavioral data were analyzed for responsiveness (proportion of adults observed on a particular plant stage relative to the sum of adults observed on all the plant stages within a cage) using the generalized linear-mixed model with a binomial distribution function and the default logit canonical link as implemented in the SAS PROC GLIMMIX procedure add on (SAS Institute 2012). The fixed parameters were the soybean growth stage and time after release, where the latter was modeled as a continuous covariate nested within soybean growth stage. The random effects, cage and cage × soybean growth stage, were set. The least squares means and 95% confidence intervals (CIs) for each observation (time after release) were calculated using the AT (modifies covariate value in computing least squares means) option. Means and CIs were then expressed on the original scale using the ILINK (inverse link) option for suitably chosen estimable functions. Kudzu bugs that did not land on soybean plants were excluded from the statistical analysis.
The results of olfactory assays were analyzed with a χ 2 test to test the null hypothesis of no preference of either male or female bugs to odors emitted from a particular soybean growth stage. The 95% CIs were counted using an Agresti & Coull interval (Brown et al. 2002) . The responses of males and females were analyzed separately and together. Individuals that did not make a choice were excluded from the statistical analysis.
Results
Greenhouse Behavioral Preference to Different Growth Stages
Overall, growth stage had a significant effect on attracting dispersal adults of both the overwintered (F = 16.73, df = 3, 42, P < 0.01) ( Fig. 2A) and first generation (F = 20.14, df = 3, 42, P < 0.01) (Fig. 2B) .
For the overwintered generation ( Fig. 2A) , significantly more adults preferably located the R1 stage, followed by R3, than the vegetative V2 stage and late reproductive R5 stage over the 48-h period. Averaging across the 48-h observation, the mean proportion of adults on R1, R3, R5, and V2 was 0.40, 0.34, 0.15, and 0.11, respectively. A similar pattern of adult preference to growth stage was observed in the first generation (Fig. 2B) , with R1 plants consistently attracting the greatest proportion (>0.40) of adults. Averaging (Table 1) for the most preferred growth stage showed a negligible difference on the most preferred growth stage R1 (P = 0.68) between overwintered and first-generation adults, indicating that the most preferred growth stage was not impacted by kudzu bug generation.
Olfactory Behavioral Responses to Whole Soybean Plant Volatiles
Our results show that females were more sensitive to odors of different growth stages than males (Fig. 3A and B) . Significantly more females preferred odors from R1 (0.75) (χ 2 = 7, df = 1, P = 0.01) and R3 (0.69) (χ 2 = 4.17, df = 1, P = 0.04) than from V2 (0.37) or R5 (0.37).
Males showed no significant preference to plant volatiles of V2 (0.52) (χ 2 = 0.03, df = 1, P = 0.85), R1 (0.57) (χ 2 = 0.53, df = 1, P = 0.47), R3 (0.50) (χ 2 = 0, df = 1, P = 1), and R5 (0.38) (χ 2 = 1.69, df = 1, P = 0.19) when compared with the control. Despite the lack of statistical difference, the frequencies of positive responses to R1 soybean plant odors were constantly higher than to volatiles of R3 and R5.
When data were pooled across sexes (Fig. 3C ), significantly more kudzu bug adults were attracted by odors from R1 (0.66) (χ 2 = 5.59, df = 1, P = 0.02) than R3 (0.59) (χ 2 = 2.05, df = 1, P = 0.15), V2 (0.44) (χ 2 = 0.83, df = 1, P = 0.36), and R5 (0.37) (χ 2 = 3.81, df = 1, P = 0.05).
Discussion
This study provides the first empirical evidence that plant growth stage affects the attractiveness of soybean plants to adult kudzu bugs and that the attraction cue is the constitutively released volatiles emitted from whole soybean plants. We demonstrate that significantly more adults were attracted to plants at the flowering stage (R1) than at other growth stages, suggesting that the physiological stage of the host contributes strongly to the host-finding behavior of the kudzu bug. The negligible difference on the most preferred growth stage (R1) between overwintered and first-generation adults may suggest that the preference of kudzu bug was not influenced by soybean planting date or the generation of the insect. The greater bug population and heavier infestation occurring on early-planted soybeans than on late-planted soybeans (Blount et al. 2016 ) may be attributed to the lack of the most preferred growth stage (R1) in late-planted soybean field. When the first-generation kudzu bugs develop into adults in July, the early-planted soybeans are at R1 or older and the late-planted soybeans are small at V3 or younger. The newly emerged adults that are already on early-planted soybeans would choose to remain on or re-infest the early reproductive stage plants in early-planted soybean field, rather than leaving for the less attractive young plants in late-planted soybean field. When given choices of all soybean plant stages, adult kudzu bugs would prefer to infest plants at early reproductive stages over other growth stages regardless of their planting date. This finding corroborates with the field observations of Seiter et al. (2013b) that soybean growth stage (week of collection) significantly influenced the population of adult kudzu bugs with the R1-R2 stages showed hosting the largest populations.
The results from olfactory assays support the findings in greenhouse assays, and show that the greenhouse orientation preference is regulated by constituent volatile emitted by host plants. The difference in growth stage attractiveness could be due to changes of volatile emission type and concentration at different growth stages (Boue et al. 2003 , Silva et al. 2013 . In general, plants release more volatiles at the flowering stage than at other growth stages (Ceballos et al. 2015) . Boue et al. (2003) found that concentrations of several volatile compounds, including 3-hexanone, (E)-2-hexenal, 1-hexanol, and 3-octanone, increased during early reproductive stages but decreased at late growth stages of soybean plants. Further work is needed to elucidate the specific growth stage volatiles, their compositions, and their influence on the interactions between the soybean plant and insect. The finding that females are more responsive to soybean odors than males is particularly interesting because hypothesized that prewinter mated females may be the first to exploit hosts and potentially increase the invasion of new habitats without the need to mate again in spring. Knolhoff and Heckel (2014) suggest that the female-biased host-odor responsiveness to particular plant grown stage(s) is related to oviposition for maximal offspring fitness. Seiter et al. (2013b) reported that kudzu bug laid more eggs on soybean plants of the R2 and R3 stages in early August. In contrast, our findings demonstrate that males had no significant preference for plant odors from different growth stages. Low or no responses by males are likely due to either 1) males being less sensitive to the constitutive odors from whole soybean plants or 2) the odors presented in this experiment being below male behavioral threshold levels needed to influence males. Similar behaviors have been documented in Lyguslineolaris (Palisot de Beauvois) (Hemiptera: Miridae) (Chinta et al. 1994) , Cylasformicarius (Fab.) (Korada et al. 2010) , and Delia antiqua (Diptera: Anthomyiidae) (Romeis et al. 2003) , with females being more sensitive to plant volatiles than males.
Numerous studies have reported that plants use herbivoreinduced plant volatiles as a defense against herbivorous insects (Schoonhoven et al. 2005) . There are also studies showing that herbivore-induced volatiles act as attractants or oviposition stimulants of pest insects (Silva et al. 2013) . Our experiments were designed to only test the specific olfactory response of kudzu bugs to constitutive volatiles characteristic of soybeans. The integrity of the plants was carefully maintained to ensure no biotic or abiotic injury or damage that would cause the release of induced volatiles that consequently alter the amount and composition of constitutive volatile blends (Pichersky et al. 2006 , Copolovici et al. 2011 . Further investigation is warranted on the influence of induced volatiles and insect odors on host preference, continued infestation and distribution in soybean fields.
Overall, our result provides a reasonable explanation for the greater bug populations and heavier infestation on early-planted soybeans than on late-planted soybeans (Blount et al. 2016 , and contributes to the understanding of kudzu bug biology for the development of pest management programs. Our findings show that the early reproductive stage is a critical stage for pest management, providing empirical support for application of pesticide at early reproductive stages . The present study also demonstrates that the volatiles of early reproductive growth stage are the most attractive to the adult kudu bugs, which should be further investigated for development of bug monitoring and trapping techniques and for potential application of the "push-pull" method against this pest.
